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BACKGROUND OF THE INVENTION 

Field of the Invention 

[0001] The present invention relates to non-latching electronic switches. 

More specifically, the present invention relates to a non-latching micro 
magnetic switch. 

Background Art 

[0002] Switches are typically electrically controlled two-state devices that 

open and close contacts to effect operation of devices in an electrical or optical 
circuit. Relays, for example, typically function as switches that activate or de- 
activate portions of electrical, optical, or other devices. Relays are commonly 
used in many applications including telecommunications, radio frequency 
(RF) communications, portable electronics, consumer and industrial 
electronics, aerospace, and other systems. More recently, optical switches 
implemented with relays (also referred to as "optical relays" or simply 
"relays" herein) have been used to switch optical signals (such as those in 
optical communication systems) from one path to another. 

[0003] Although the earliest relays were mechanical or solid-state devices, 

recent developments in micro-electro-mechanical systems (MEMS) 
technologies and microelectronics manufacturing have made micro- 
electrostatic and micro-magnetic relays possible. Such micro-magnetic relays 
typically include an electromagnet that, when energized, causes a lever to 
make or break an electrical contact. When the magnet is de-energized, a 
spring or other mechanical force typically restores the lever to a quiescent 
position. Such relays typically exhibit a number of marked disadvantages, 
such as they are bulky in size, heavy, slow, expensive, and difficult to 
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manufacture and integrate. Also, the spring required by conventional micro- 
magnetic relays may degrade or break over time. 

[0004] Another micro-magnetic relay includes a permanent magnet and an 

electromagnet for generating a magnetic field that intermittently opposes the 
field generated by the permanent magnet. One drawback is that the relay must 
consume power from the electromagnet to maintain at least one of the output 
states. Moreover, the power required to generate the opposing field is 
significant, thus making the relay less desirable for use in space, portable 
electronics, and other applications that demand low power consumption. 

[0005] Exemplary micro-magnetic switches are further described in 

international patent publications U.S. Patent No. 6,469,602 ("the 602 patent") 
that issued October 22, 2002, entitled "Electronically Switching Latching 
Micro-magnetic Relay And Method of Operating Same," and U.S. Patent No. 
6,496,612 ("the 612 patent") that issued December 17, 2002, entitled 
"Electronically Micro-magnetic latching switches and Method of Operating 
Same," both to Ruan et al., are both incorporated by reference herein in their 
entireties. 

[0006] Therefore, what is needed is a non-latching micro magnetic switch that 

can consume low power, be small, fast, and be easy to integrate. The switch 
can also be reliable, simple in design, low-cost, easy to manufacture, and 
useful in optical and/or electrical environments. 

BRIEF SUMMARY OF THE INVENTION 

[0007] The non-latching micro-magnetic switches of the present invention can 

be used in a plethora of products including household and industrial 
appliances, consumer electronics, military hardware, medical devices, vehicles 
of all types, just to name a few broad categories of goods. The non-latching 
micro-magnetic switches of the present invention have the advantages of 
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compactness, simplicity of fabrication, and have good performance at high 
frequencies. 

[0008] Embodiments of the present invention provide a non-latching micro 

magnetic switch that includes a reference plane and a magnet located 
proximate to a supporting structure. The magnet produces a first magnetic 
field with uniformly spaced field lines approximately orthogonal to the 
reference plane, symmetrically spaced about a central axis, or non-uniformly 
spaced fields approximately orthogonal to the reference plane. The switch 
also includes a cantilever supported by the support structure. The cantilever 
has an axis of rotation lying in the reference plane and has magnetic material 
that makes the cantilever sensitive to the first magnetic field, such that the 
cantilever is configured to rotate about the axis of rotation between first and 
second states. The switch further includes a conductor located proximate to 
the supporting structure and the cantilever. The conductor is configured to 
conduct a current. The current produces a second magnetic field having a 
component approximately parallel to the reference plane and approximately 
perpendicular to the rotational axis of the cantilever, which causes the 
cantilever to switch between the first and second states. The switch still 
further includes a stopping device located proximate to the supporting 
structure. The stopping device is operable to stop the cantilever from rotating 
about the axis of symmetry beyond a point at which a longitudinal axis of the 
cantilever is approximately parallel to a longitudinal axis of the magnet. 

[0009] Other embodiments of the present invention provide a non-latching 

micro magnetic switch including a reference plane and a magnet located 
proximate to a supporting structure. The magnet produces a first magnetic 
field with uniformly spaced field lines at obtuse angles with respect to the 
reference plane. The switch also includes a cantilever supported by the 
supporting structure. The cantilever has an axis of rotation lying in the 
reference plane and has a magnetic material that makes the cantilever sensitive 
to the first magnetic field, such that the cantilever can rotate about the axis of 
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rotation between first and second states. The switch further includes a 
conductor located proximate to the supporting structure and the cantilever. 
The conductor is configured to conduct a current. The current produces a 
second magnetic field having a component approximately parallel to the 
reference plane and approximately perpendicular to the rotational axis of the 
cantilever, which causes the cantilever to switch between the first and second 
states. 

[0010] Further embodiments, features, and advantages of the present 

inventions, as well as the structure and operation of the various embodiments 
of the present invention, are described in detail below with reference to the 
accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS/FIGURES 

[0011] The accompanying drawings, which are incorporated herein and form a 

part of the specification, illustrate the present invention and, together with the 
description, further serve to explain the principles of the invention and to 
enable a person skilled in the pertinent art to make and use the invention. 

[0012] FIG. 1 shows a cross-sectional view of a non-latching micro magnetic 

switch according to an embodiment of the present invention. 

[0013] FIGs. 2-4 show example magnetic fields for a non-latching micro 

magnetic switch according to embodiments of the present invention. 

[0014] FIGs. 5, 6, and 7 show cross-sectional views during various states of a 

non-latching micro magnetic switch according to an embodiment of the 
present invention. 

[0015] FIG. 8 shows a cross-sectional view of a non-latching micro magnetic 

switch according to an embodiment of the present invention. 

[0016] FIG. 9 shows a cross-sectional view of a non-latching micro magnetic 

switch according to an embodiment of the present invention. 
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[0017] The present invention will now be described with reference to the 

accompanying drawings. In the drawings, like reference numbers may 
indicate identical or functionally similar elements. Additionally, the left-most 
digit(s) of a reference number may identifys the drawing in which the 
reference number first appears. 

DETAILED DESCRIPTION OF THE INVENTION 

[0018] It should be appreciated that the particular implementations shown and 

described herein are examples of the invention, and are not intended to 
otherwise limit the scope of the present invention in any way. Indeed, for the 
sake of brevity, conventional electronics, manufacturing, MEMS technologies, 
and other functional aspects of the systems (and components of the individual 
operating components of the systems) may not be described in detail herein. 
Furthermore, for purposes of brevity, the invention is frequently described 
herein as pertaining to micro-machined switches for use in electrical or 
electronic systems. It should be appreciated that many other manufacturing 
techniques could be used to create the switches described herein, and that the 
techniques described herein could be used in mechanical switches, optical 
switches, or any other switching device. Further, the techniques would be 
suitable for application in electrical systems, optical systems, consumer 
electronics, industrial electronics, wireless systems, space applications, or any 
other application. Moreover, it should be understood that the spatial 
descriptions (e.g., "above", "below", "up", "down", etc.) made herein are for 
purposes of illustration only, and that practical latching switches may be 
spatially arranged in any orientation or manner. Arrays of these switches can 
also be formed by connecting them in appropriate ways and with appropriate 
devices and/or through integration with other devices, such as transistors. 

[0019] The discussion below is directed to one type of switch, which can be 

called a non-latching, single state, and/or single latching switch. This is 
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because the switch is stable in only one of two states, and only remains in the 
non-stable state for a temporary time period, normally remaining in the stable 
state. These above terms are used interchangeably throughout. 
[0020] FIGS. 1-9 show portions of a non-latching switch, but for brevity do 

not include all aspects of the switch required for operation (e.g., pivot points 
for a cantilever, etc.). The exemplary switches in the '602 and c 612 patents 
are incorporated by reference herein in their entireties to teach any aspects that 
may not be specifically shown or described in the instant specification. 

Non- Latching Switches 

[0021] FIG. 1 illustrates a cross-sectional view of a switch 100 according to 

an embodiment of the present invention. Switch 100 includes a permanent 
magnet 102, a substrate 104, a dielectric layer 106, a first conductor (e.g., coil) 
108, a second conductor (e.g., contact) 110, and a cantilever 112. Cantilever 
112 can include at least a magnetic layer 114 and a conducting layer 116. 
Substrate 104 can also include a stopping device 120. Various magnetic fields 
Ho, such as those shown in FIGS. 2-4, can be used for switch 100. Stopping 
device 120 allows switch 100 to be considered a single latching, single state, 
and/or non-latching micro-magnetic switch. This is because during 
conduction of a current through first conductor 108, cantilever 112 cannot 
rotate beyond a point where longitudinal axis 118 is substantially or 
approximately perpendicular to at least one magnetic field line of the magnetic 
fields in FIGS. 2-4. Hence, switch 100 cannot move into a second, stable 
state. 

[0022] In an embodiment, switch 100 latches ON in a first, stable state when 

conductor 108 is not conducting current. Switch 100 latches OFF in a second 
state when conductor 108 is conducting current. However, switch 100 
requires the current to be conducting to remain OFF (e.g., open) because 
stopper 120 prevents switch 100 from entering a second, stable state. As soon 
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as the current stops conducting, switch 100 latches ON after returning to the 
first, stable state. This configuration is considered non-latching because 
power is required to keep switch 100 in the second state. 

Exemplary Magnetic Fields 

[0023] FIG. 2 illustrates a magnetic field (e.g., H 0 ) according to an 

embodiment of the present invention. The magnetic field is uniformly 
perpendicular to longitudinal axis 1 18 of cantilever 112. This is considered an 
ideal field, and is usually caused by permanent magnet 102 being substantially 
or approximately parallel to longitudinal axis 118 and when ends 200, 202 of 
permanent magnet 102 are aligned with ends 204, 206 of cantilever 112. A 
stable state can be when cantilever 112 is interacting with contact 110 and an 
unstable, temporary second state can be when cantilever 112 is not interacting 
with contact 110. 

[0024] In operation, an induced magnetic moment in cantilever 112 can point 

to the left when a torque (x=mxB) is clockwise placing cantilever 112 in the 
first state. The cantilever 112 will stay in the first state unless external 
influence is introduced. This external influence can be when current is 
conducted in a first direction through first conductor 108, which causes a 
second magnetic field. The second magnetic field induces a second moment, 
which causes the torque to become counter-clockwise. Thus, to move switch 
100 to the second state, the current flowing in the first direction through first 
conductor 108 produces the second magnetic field. The second magnetic field 
can point dominantly to the right at cantilever 112, re-magnetizing cantilever 
112, such that its magnetic moment points to the right. The torque between 
the right-pointing moment and H 0 produces the counter-clockwise torque, 
forcing cantilever 1 12 to rotate to the second state. When the current through 
first conductor 108 stops, the second magnetic field not longer exists. After 
this occurs, cantilever 112 returns to the first state based on stopping device 
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120 keeping cantilever 112 from rotating beyond a certain point, as described 
above. 

[0025] FIG. 3 illustrates a magnetic field (e.g., Ho) according to an 

embodiment of the present invention. The magnetic field has non-uniform 
spacing between field lines, but is perpendicular to longitudinal axis 1 1 8 of 
cantilever 112. The magnetic field lines are closest together on the right side, 
which indicates the strongest area of the magnetic field is on the right side. 
The magnetic field in FIG. 3 can result in the same operations for switch 100 
as described above for FIG. 2. 

[0026] FIG. 4 illustrates a magnetic field (e.g., H 0 ) according to an 

embodiment of the present invention. The magnetic field is symmetrical about 
a central axis 400 of cantilever 112, but not completely perpendicular to 
longitudinal axis 1 18 of cantilever 112. This magnetic field can be caused by 
a non-ideal placement of permanent magnet 102 or a relatively small magnet 
placed along a central point of longitudinal axis 118 of cantilever 112. This 
can also be caused by a size of permanent magnet 102 or another magnet. The 
magnetic field in FIG. 4 can result in the same operations for switch 100 as 
described above for FIG. 2. 

Operation of Exemplary Non-Latching Switches 

[0027] FIGS. 5-7 illustrate cross-sectional views of an exemplary non-latching 

switch 500 during operation of switch 500 according to embodiments of the 
present invention. Switch 500 includes a permanent magnet 502, a substrate 
504, a dielectric layer 506, a first conductor (e.g., a coil) 508, a second 
conductor (e.g., a contact) 510, and a cantilever 512. Cantilever 512 can 
include at least a magnetic layer and a conducting layer. Again, switch 500 is 
non-latching because it only has a first, stable state in which it remains unless 
influenced to momentarily switch to a second, unstable state before returning 
to the first, stable state. Thus, because the switch 500 does not stay in the 
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second, unstable state more than momentarily, it is considered a non-latching 
switch. 

[0028] FIG. 5 illustrates a normally ON state (i.e., cantilever 512 interacts 

with second conductor 510, closing switch 500, and turning switch 500 ON). 
The induced magnetic moment ml in the cantilever 512 points to left and a 
torque (x=mxB, where x is a torque value based on a moment m and a 
magnetic flux density B) is clockwise. Cantilever 512 will stay in this position 
unless an external influence is introduced. 

[0029] FIG. 6 illustrates an unstable state. The induced magnetic moment ml 

in cantilever 512 points to the left and the torque (x=mxB) is still clockwise. 
Cantilever 512 will return to the stable state shown in FIG. 5. 

[0030] FIG. 7 illustrates an unstable state and a normally "OFF" state (i.e., 

cantilever 512 stops interacting with second conductor 510, opening switch 
500, and turning switch 500 OFF). A current is passed through first conductor 
(e.g., coil) 508 producing a second magnetic field, which induces a moment 
m2 in cantilever 512 pointing to the right. During this time period, the torque 
becomes counter-clockwise, which keeps cantilever 5 1 2 in an OFF state. 

[0031] With continuing reference to FIGS. 5-7, cantilever 512 only has one 

stable position, shown in FIG. 5 (e.g., the ON state, since cantilever 512 
interacts with second conductor 510). This is because the angle (a) between 
the permanent magnetic field (H 0 ) and longitudinal axis 514 is usually larger 
than 90° (although this might not be easily seen in these figures). The static 
magnetic field (H 0 ) provided by permanent magnet 502 almost always has a 
left-pointing projected component on longitudinal axis 514 of cantilever 512. 
As shown in FIG. 7, to switch the switch 500 OFF, a current through first 
conductor 508 produces a second magnetic field (H 2 ) pointing dominantly to 
the right at cantilever 512, which re-magnetizes cantilever 512 so that its 
magnetic moment (m 2 ) points to the right. The torque between the right- 
pointing moment (m 2 ) and H 0 produces a counter-clockwise torque, forcing 
cantilever 512 to rotate to the OFF state shown in FIG. 7. When the current 
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through first conductor 508 stops, H 2 disappears and the H 0 -induced moment 
points to the left again (unstable state shown in FIG. 6). Then, cantilever 512 
returns to the stable ON state shown in FIG. 5. 

[0032] FIG. 8 shows a cross-sectional view of a switch 800 according to 

embodiments of the present invention. Switch 800 is in a normally OFF state. 
Switch 800 includes a permanent magnet 802, a substrate 804, a dielectric 
layer 806 with a first conductor (e.g., coil) 808, a second conductor (e.g., a 
contact) 810, and a cantilever 812. Cantilever 812 can include at least a 
magnetic layer and a conducting layer. The normally OFF state can be based 
on either placing contact 810 on an opposite end of cantilever 812 as 
compared to cantilever 512, or by tilting the magnetic field H 0 slightly toward 
the right, which causes ml to be in the direction shown. Thus, operation of 
switch 800 is similar to switch 500 discussed above. 

[0033] FIG. 9 shows a switch 900 according to an embodiment of the present 

invention. Switch 900 includes a permanent magnet 902, a substrate 904, a 
dielectric layer 906, a first conductor (e.g., a coil) 908, a second conductor 
(e.g., a contact) 910, and a cantilever 912. Cantilever 912 can include at least a 
magnetic layer and a conducting layer. Cantilever 912 can be placed off- 
center from permanent magnet 902, such that a magnetic field in the cantilever 
region is not completely approximately perpendicular to a longitudinal axis 
914 of cantilever 912. Thus, this magnetic field produces one stable state 
without applying current through first conductor 908. 

[0034] Existing systems can easily be modified to replace existing switches 

having the undesirable characteristics discussed above with the switches 
according to embodiments of the present invention. Thus, existing products 
can benefit from advantages provided by using the non-latching switches 
manufactured according to embodiments of present invention. Some of those 
advantages of the switches are their compactness, simplicity of fabrication and 
design, good performance at high frequencies, reliability, and low-cost. 
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Conclusion 

While various embodiments of the present invention have been 
described above, it should be understood that they have been presented by way 
of example only, and not limitation. It will be apparent to persons skilled in 
the relevant art that various changes in form and detail can be made therein 
without departing from the spirit and scope of the invention. Thus, the breadth 
and scope of the present invention should not be limited by any of the above- 
described exemplary embodiments, but should be defined only in accordance 
with the following claims and their equivalents. 
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